Introduction
There are approximately 87,000 chemicals registered for commerce in the United States, yet only a small number of these have been tested for potential health effects 1 . Of those that have been tested, only a portion has been assessed for reproductive health effects due in part to the difficulty in determining alteration of the early reproductive events in mammals, especially during female germ cell development and differentiation. Indeed, the first meiotic events take place during the early stages of embryonic development in female mammals and are therefore difficult to access and collect in numbers suitable for screening purposes.
The germline provides the crucial link between generations, and its appropriate function is dependent upon the precise execution of the intricate program of cellular and chromosomal division termed meiosis. Dysregulation of the meiotic process may result in reduced fertility and the production of gametes and embryos with an abnormal number of chromosomes, a condition termed aneuploidy. Chromosome segregation errors in meiosis are highly relevant to human health. Chromosome abnormalities are common, with a frequency of 1 in 150 live births, Trisomy 21, 18 and 13 as well as X and Y chromosome errors being the most prevalent types 2, 3 . Furthermore, congenital malformations, including those of chromosomal origins, are the leading cause of infant death in the U.S. 4 The idea that environmental influences can affect chromosomal segregation and behavior is not new 5 , but is still poorly understood. It is therefore crucial to investigate which of the chemicals introduced into our environment are interfering with human fertility, early development and overall reproductive health.
In light of these limitations of the mammalian models, we have developed a high-throughput screen assay to test reproductive toxicity in the roundworm C. elegans. We have mobilized several important features offered by this commonly used genetic model system such as its small size, low cost, short reproduction cycle, high proportion of germ cells and ease of manipulation 6 . Worms can be grown in 96-well plates or in high volume liquid cultures and because of their transparency can be directly imaged on plates for detection of fluorescent reporters. The assay described below takes advantage of these characteristics and takes advantage of a worm strain containing the fluorescent reporter Pxol-1::GFP to detect germline disruption and induction of embryonic aneuploidy.
The use of this reporter strain is based on the generally rare occurrence of males in a mainly hermaphroditic worm population. These males (<0.2%) naturally originate from error in the segregation of the X chromosome 7 . However, as germline disruption frequently leads to errors in segregation of autosomes and of heterochromosomes, it correlates both with an elevated incidence of males phenotype (X missegregation) as well as embryonic lethality (autosome missegregation). To easily detect the induction of males while circumventing the issue of embryonic lethality, a male-specific promoter (xol-1) is used to drive expression of GFP in early embryos still contained within the worm's uterus. As such, the appearance of GFP-expressing embryos is used as a proxy for the presence of aneuploid embryos. This method has been previously used to identify genes implicated in germline maintenance and meiosis 8, 9 . Adapted to chemical screening, this strain is employed in a medium to highthroughput screen. Importantly, the strain faithfully reports the aneugenicity of chemicals and is therefore relevant to mammalian reproductive endpoints 10 . The assay described here will be particularly useful to toxicologists in pharmaceutical and chemical industry settings looking to rapidly assess the toxicity of chemicals towards reproductive endpoints. Furthermore, this assay fully aligns with the governmental priorities highlighted in the Toxicity in the 21 st 
Exposure of Worms to Chemicals in 96-well Plates
NOTE: This section describes the use of Pxol1::gfp transcriptional reporter containing C. elegans strain to screen for the induction of aneuploidy.
1. Collect the L4 larvae from the clear NGM plates by washing the plates with 1-2 ml of M9 and transfer them to a conical 15 ml tube. 2. Let the L4 worms sediment to the bottom of the 15 ml conical tube for approximately 5-10 min. Remove the supernatant without disturbing the worm pellet. 3. Add 3-5 ml of M9 and determine the concentration of worms in the M9 solution by counting the number of worms in 10 µl drops using a stereomicroscope. Count at least 5 drops for each sample. 4. Resuspend the worms at a concentration of 1,000 worms/ml in M9. 5. Dilute the OP50 bacteria from section 1 10-fold with M9. Make sure the resuspended bacteria reach room temperature because lower temperature affects worm development. 6. Using a multichannel pipette, first add 100 µl of the worm/M9 mix (from step 4.4) and then add 400 µl of the diluted OP50 bacteria (from step 4.5) to each well of a 2 ml deep round bottom 96-well plate. At the end, each well will have 100 worms in 500 µl. 7. Add 0.5 µl of either the test chemical or the appropriate control to the desired wells, to achieve a suggested final concentration of 100 µM, a concentration commonly used in chemical screens in C. elegans 12 . Expose ethanol or DMSO solvent controls at a final concentration of 0.1%. NOTE: We recommend the use of nocodazole (100 µM) as positive control. 8. Seal the plate using adhesive film. Be sure to seal the plate well to prevent cross contamination between wells. 9. Wrap the plate with aluminum foil. 10. Transfer the plate to a shaker (170-180 rpm) of the appropriate temperature for the suitable length of time (24 or 65 hr). The temperature of the room affects the growth of the worms; maintain the temperature around 20 °C.
Image Acquisition of Gravid Worms in a 384-well Plate
NOTE: This section describes the use of a high content microscope to image the exposed Pxol1::gfp worms, to visualize the expression of GFP in the embryos within the uterus of adult hermaphrodites. For each 384-well plate to be screened, use worms from 4 x 96-well plates.
1. After chemical exposure in the shaker, let the 96-well plate rest for 10-15 min to allow the adult worms to sediment to the bottom of the plate. 2. Using a multichannel pipette, remove 350 µl of the M9, being very careful not to disturb the worms in the bottom of the plate. 3. Wash the worms with 1 ml of M9 and repeat step 5.1. 4. Using a multichannel pipette, remove 1 ml of the M9, being vey careful not to disturb the worms in the bottom of the plate. 5. Using a multichannel pipette, resuspend the worms in the remaining M9 and collect 100 µl of the worm/M9 mix from the 96-well plates and load it into the wells of a black walls/clear bottom 384-well plate. Repeat the process using worms from 4 x 96-well plates, until all the wells of the 384-well plate have been loaded. NOTE: It is important for all the wells to have the same volume in order to increase the efficiency and speed of the autofocus during the image acquisition process. Each well should contain between 80 to 100 worms. 6. Add 1 µl of levamisole (100 µM) to each well and let the worms incubate for approximately 30 min. NOTE: Levamisole acts as an acetylcholine receptor agonist and immobilizes the worms. 7. Transfer the plate to a widefield high content microscope capable of providing automated imaging. 8. For image acquisition, use a high content image acquisition and analysis software according to the manufacturer's guidelines. Select the 4X objective to acquire 1 image per well. 9. Before starting the image acquisition, adjust the GFP imaging parameters to 45 msec of exposure and image resolution to 2,160 x 2,160. 10. Collect the data as the number of GFP positive worms divided by the total number of worms in the well, the latter measure being relatively consistent between wells.
Representative Results
Exposure of the Pxol-1::GFP reporter strain to chemical agents such as the microtubule poison Nocodazole (Figure 1 ) leads to the induction of a high proportion of GFP-expressing embryos in the uterus of exposed adult hermaphrodites compared to DMSO control. The GFP-positive embryos are significantly brighter than the weak background fluorescence observed in other embryos as well as the auto-fluorescence observed in the gut of the animals. Exposed worms are directly imaged on 384-well plates and the number of worms containing at least one GFP-positive embryo is counted for each well and normalized by the total number of worms in that well. A positive hit from the chemical screen means a compound induced a proportion of GFP-positive embryos in a worm population at a frequency 1.7x higher than DMSO 10 . Following threshold optimization, the high content image analysis (see Materials file) allows the automated calculation of the number of positive objects (i.e., embryos) divided by the total number of worms in the well and is the method of choice for the large scale adaptation of the assay. 
Discussion
The method described here constitutes the first large scale strategy for the identification of germline toxicants. It requires the use of a GFP transgenic Pxol-1::GFP containing strain that faithfully reports the induction of aneuploidy in early embryos which is used as a proxy for germline dysfunction. The method involves the careful synchronization of a C. elegans worm population and worms' exposure to chemicals in 96-well format followed by imaging of the GFP positive worms by automated high-content microscopy.
Several steps of this protocol are crucial to the consistency of the results. First, the worm populations should be highly synchronous to as maximize the number of properly staged L4 larvae that will be used for the exposure. For this reason, the methodology described here includes two synchronization steps, first by bleaching of the worm population and then by L1 starvation. The second important parameter of this method is the length of exposure. The worms are routinely exposed for either 24 hr or 65 hr. As meiosis is a continuous process in C. elegans, these two exposure windows allow the capture of either altered late meiotic events (24 hr) or both early and late meiotic events (65 hr). It is important to note however that the longer exposure seems to better predict mammalian reproductive toxicity 10 .
One particularly attractive aspect of the method is its flexibility. While the protocol is designed for high throughput screening, a scaled down version of the assay can be performed for the screening of a smaller number of samples using 24-well plates or 1.5 ml tubes. Lowering the scale of the screen enables the test of a higher number of worms per sample which could increase the sensitivity of the assay. In the present format, screening compounds in quadruplicates is recommended to provide higher statistical confidence in the aneuploidy rates measured. A potential hurdle in this large scale methodology comes from the need for automated detection of GFP-positive embryos. Although this task can easily be performed by eye, the careful establishment of appropriate parameters on the image analysis software, ideally with an imaging specialist, is crucial for the automation of the procedure. Furthermore, beyond the detection of GFP-positive embryos, secondary validation of the hits should be performed to determine if chromosomal errors are of meiotic or embryonic origin. We have previously shown that such secondary assays are easily performed in C. elegans and include the DAPI-staining of germline nuclei as well as acridine orange staining of the worms for measurement of apoptosis 10 . From these two simple assays, abnormal progression through meiosis, abnormal nuclear morphology and fragmentation as well as germ cell loss can all be assessed.
Taken together, we have described here the steps required for the rapid assessment of germline toxicity using the model system C. elegans. Importantly, the use of aneuploidy in the worm as a marker for germline toxicity is a relevant assay as it is predictive of mammalian reproductive toxicity endpoints including decreased litter size and ovarian defects 10 . This is of particular significance as toxic effects on the female germline are particularly arduous to investigate. Thus, this fast assay provides an alternative to large animal tests as a first pass toxicity screen and sheds light on the effect of environmental chemical exposures on various aspects of the complex meiotic program.
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